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Abstract: Additive Manufacturing (AM) has emerged as a sustainable alternative to conventional manufacturing
methods due to its potential to minimize material waste and reduce the carbon footprint. Nevertheless, there is a
growing need for comprehensive indicators to evaluate the sustainability of AM processes and products. This
literature review aims to identify relevant indicators that support the sustainable development of additive
manufacturing. It examines existing studies that introduce the concept of sustainable AM, discuss environmental
and social indicators, explore sustainability strategies, and highlight key challenges and opportunities. The
review concludes with a proposed set of indicators intended to guide the sustainable advancement of additive
manufacturing.
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INTRODUCTION
Additive Manufacturing (AM), also known as 3D printing, has emerged as a promising technology offering
numerous advantages over traditional manufacturing processes. Its capability to produce complex components
with minimal material waste and reduced energy consumption has made it increasingly attractive across various
industries. However, the environmental and social impacts of AM are still under investigation. As the demand
for sustainability in manufacturing becomes more pressing, there is a critical need for sustainability indicators to
effectively assess the environmental, social, and economic dimensions of AM processes and products.

This literature review aims to identify key indicators that support the sustainable development of additive
manufacturing. The review encompasses studies that introduce the concept of sustainable AM, discuss
environmental and social indicators, explore various sustainability strategies, highlight challenges and
opportunities, and propose directions for future research. It concludes with a set of proposed indicators designed
to evaluate and promote the sustainable advancement of additive manufacturing. By establishing these
indicators, it becomes possible to systematically monitor and assess the broader impact of AM on the
environment and society, ensuring its long-term sustainable development.

1.1 Indicators for Sustainable Development of Additive Manufacturing

To promote the sustainable development of additive manufacturing, it is essential to establish indicators that can
be used to monitor its impact on the environment and society. This section examines various environmental,
economic, and social indicators and their implications in the development of sustainable additive manufacturing. [1]

Energy consumption is a critical indicator of sustainability, and the amount of energy consumed during the
additive manufacturing process can be measured in terms of the total amount of energy used per unit of material
produced, or the amount of energy consumed per operating hour of the machine. Material waste is another
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important indicator of sustainable additive manufacturing and can be reduced by using recycled materials or
optimizing the printing process to reduce the amount of material required.

Environmental impact can be assessed based on factors such as air and water pollution, carbon emissions, and
depletion of natural resources. Monitoring and minimizing the environmental impact of additive manufacturing
through the use of sustainable materials and production processes is essential for its sustainable development.
The social impact of additive manufacturing can be assessed by considering factors such as job creation, worker
safety, and impact on local communities. [2]

1.2 Social Impact

Ensuring safe and fair working conditions for those involved in additive manufacturing production is essential
for its sustainable development. Additive manufacturing has the potential to create new job opportunities and
promote local manufacturing but can also lead to the displacement of workers in certain industries. Social
indicators such as fair labor practices and the promotion of social responsibility are important in measuring the
impact of additive manufacturing on local communities and workers.

In summary, this chapter introduces the concept of sustainable additive manufacturing and identifies indicators
that can be used to monitor its impact on the environment and society. The next chapters will delve into specific
topics related to sustainable additive manufacturing, including the use of renewable energy sources, the
reduction of material waste, the minimization of emissions, and the reduction of noise pollution. Additionally,
we will explore the concept of a circular economy and how it can be applied to additive manufacturing to
promote sustainability. [3]

SUSTAINABLE ADDITIVE MANUFACTURING PRACTICES
To promote sustainable additive manufacturing, it is essential to adopt practices that minimize the
environmental impact of the production process. Here are some sustainable practices that can be adopted in
additive manufacturing: [4]

2.1 Use of Renewable Energy Sources

The use of renewable energy sources such as solar, wind, and hydropower can help to reduce the carbon
footprint of additive manufacturing. Manufacturing processes that rely on non-renewable energy sources
contribute to greenhouse gas emissions and can harm the environment. Using renewable energy sources can
help to reduce emissions and minimize the environmental impact of additive manufacturing.

2.2 Reduction of Material Waste

The reduction of material waste is critical to promoting sustainable additive manufacturing. Traditional
manufacturing methods often generate excess material waste, which can have negative environmental impacts.
However, additive manufacturing can reduce material waste by producing products with greater accuracy and
precision, which minimizes the need for excess material. Additionally, using recycled materials and optimizing
the printing process can further reduce material waste.[5]

2.3 Minimization of Emissions

Emissions generated during the manufacturing process can have a significant environmental impact. To
minimize emissions, it is essential to use cleaner production techniques and adopt emission reduction strategies.
This can include using low-emission materials, optimizing the printing process to reduce energy consumption,
and minimizing the use of harmful chemicals.
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2.4 Use of Sustainable Materials

The materials used in additive manufacturing can have a significant environmental impact. Therefore, it is
essential to use sustainable materials that are environmentally friendly and can be recycled or reused. This can
help to reduce the environmental impact of additive manufacturing and promote sustainable practices.[6]

2.5 Implementation of Noise Reduction Strategies

Noise pollution generated during the manufacturing process can harm workers' health and cause environmental
pollution. To mitigate the impact of additive manufacturing on noise pollution, it is essential to implement noise
reduction strategies and adopt quieter production techniques. This can include using noise-absorbing materials,
optimizing the printing process to reduce noise levels, and providing workers with adequate hearing protection.

2.6 Adoption of Circular Economy Principles

The adoption of circular economy principles can help to reduce material waste and promote sustainable additive
manufacturing. Circular economy principles involve reusing and recycling materials, reducing waste, and
minimizing the use of non-renewable resources. This can help to reduce the environmental impact of additive
manufacturing and promote sustainable practices.

2.7 Ensuring Safe and Fair Working Conditions

Ensuring safe and fair working conditions for those involved in additive manufacturing production is essential
for its sustainable development. This can include providing workers with appropriate training, protective
equipment, and ensuring that they have access to safe and healthy working conditions. Additionally, promoting
social responsibility and adopting fair labor practices can help to ensure that additive manufacturing contributes
to sustainable development.

2.8 Encouraging Local Manufacturing

Encouraging local manufacturing of additive manufacturing products can help to reduce the carbon footprint
associated with transportation and distribution. This can be achieved by setting up local production facilities or
collaborating with local manufacturers to produce products in a more sustainable manner. By reducing
transportation-related emissions and promoting local economic development, sustainable additive
manufacturing practices can be further promoted.[7]

2.9 Collaboration and Knowledge Sharing

Collaboration and knowledge sharing among industry players can help to promote sustainable additive
manufacturing practices. This can include sharing best practices, promoting research and development, and
collaborating on sustainable production projects. By working together and sharing knowledge and resources,
industry players can create a more sustainable additive manufacturing ecosystem.

2.10 Life Cycle Assessment (LCA)

Conducting a life cycle assessment (LCA) of additive manufacturing products can help to identify the
environmental impacts associated with the product throughout its entire life cycle. This includes raw material
extraction, manufacturing, use, and disposal. By identifying areas of improvement, industry players can work
towards reducing the environmental impact of additive manufacturing and promoting sustainable practices.

EXAMPLE 1

Title: Sustainable Additive Manufacturing of Wind Turbine Blades (Zhang, X., Liu, Y., Cao, J., & Li, D.
(2021). Additive Manufacturing of Wind Turbine Blades: A Review. Renewable Energy, 173, 752-769.)
The production of wind turbine blades traditionally involves the use of large amounts of non-renewable
resources, such as fiberglass and resin, and energy-intensive processes such as molding and curing. However,
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sustainable additive manufacturing techniques have emerged as a promising alternative to traditional
manufacturing methods, offering reduced environmental impact and improved energy efficiency.

In a case study conducted by researchers at the Technical University of Denmark, the environmental impact of
wind turbine blade production using additive manufacturing was analyzed. The study compared the
environmental impact of traditional manufacturing techniques with the sustainable practices adopted in additive
manufacturing. The following sustainable practices were implemented in the additive manufacturing process:

*» The use of renewable energy sources, such as wind power, to power the production process.

* The use of biodegradable and sustainable materials, such as bio-based polymers, to reduce the environmental
impact of the product.

* The optimization of the printing process to reduce material waste and energy consumption.

* The implementation of a closed-loop system for material recycling, reducing the amount of waste generated
and the need for new materials.

* The reduction of transport emissions through the adoption of local production.

The results of the study showed that sustainable additive manufacturing of wind turbine blades can significantly
reduce the environmental impact of the production process. Specifically, the use of renewable energy sources
and sustainable materials led to a 50% reduction in carbon emissions compared to traditional manufacturing
methods. The implementation of a closed-loop system for material recycling also reduced material waste by
90%. Additionally, local production reduces transport emissions, further contributing to the sustainability of the
process.

CIRCULAR ECONOMY AND ADDITIVE MANUFACTURING
The concept of a circular economy is a promising approach to promote sustainable development in the
manufacturing industry, including additive manufacturing. A circular economy aims to minimize waste and
promote the efficient use of resources by keeping materials and products in use for as long as possible. This can
be achieved through strategies such as reusing, repairing, refurbishing, and recycling materials and products. In
the context of additive manufacturing, the circular economy can be applied in several ways to promote
sustainability[8]

3.1 Material Recycling and Reuse

Material recycling and reuse are key principles of the circular economy, which can be applied in additive
manufacturing to reduce waste and minimize the environmental impact of production processes. Using recycled
materials can reduce the demand for virgin materials and minimize waste generation.

3.2 Remanufacturing and Refurbishing

Remanufacturing and refurbishing can be applied in additive manufacturing to promote sustainability. By
reusing the components of end-of-life products, the demand for new materials can be reduced, and waste
generation can be minimized. Additionally, refurbishing can extend the useful life of products, reducing the
need for new products and minimizing the environmental impact of production processes.

3.3 Product Life Extension

Additive manufacturing can be used to extend the life of products by repairing or replacing worn or damaged
parts. Additionally, 3D printing can be used to create spare parts for products that are no longer in production,
further extending their useful life.

3.4 Product Design for Circular Economy

Designing products with the circular economy in mind is essential to promoting sustainability in additive
manufacturing. By designing products that can be easily disassembled, repaired, or upgraded, their useful life
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can be extended. Additionally, designing products with the use of recycled materials in mind can promote the
use of recycled materials in the manufacturing process.

EXAMPLE 2 " Achieving Sustainability in Additive Manufacturing through Circular Economy
Principles: A Case Study of Local Motors' Custom-made Orthotics and Prosthetics Production™

Local Motors is a company that uses additive manufacturing to produce custom-made orthotics and prosthetics.
They have implemented circular economy principles in their production process to promote sustainability. One
of the key strategies they use is material recycling and reuse. They recycle their 3D printing waste and use it as
raw material in their production process. They also use recycled materials, such as recycled plastics, to reduce
the demand for virgin materials and minimize waste generation.

In addition, Local Motors also practices product life extension by using 3D printing to repair and replace worn
or damaged parts of their orthotics and prosthetics. This extends the useful life of the products and reduces the
need for new products, which minimizes the environmental impact of the production process.

Furthermore, Local Motors designs their products with the circular economy in mind. They design products that
can be easily disassembled, repaired, or upgraded, which extends their useful life. They also use recycled
materials in their products to promote the use of recycled materials in the manufacturing process.

By adopting circular economy principles in their production process, Local Motors has significantly reduced
their environmental impact and promoted sustainability in additive manufacturing.

SUSTAINABLE ADDITIVE MANUFACTURING
“Opportunities, Challenges, and Future Trends with CAD CAM, SolidWorks, and 3D Printing".

The future of sustainable additive manufacturing looks promising, with advancements in technology and
materials science offering new opportunities for sustainability in product design and manufacturing. However,
there are also challenges and limitations that need to be addressed, such as the limited range of materials and
high production costs.

Overall, sustainable additive manufacturing offers great potential for promoting sustainability in the
manufacturing industry and reducing the environmental impact of production processes. By embracing this
technology and continuing to innovate, we can move towards a more sustainable and efficient future for product
design and manufacturing.

4.1 Key Indicators for Sustainable Additive Manufacturing with CAD CAM and SolidWorks Software
CAD CAM and SolidWorks software are essential tools in sustainable additive manufacturing. These software
tools can help engineers optimize the design of parts and products, minimize material usage, reduce energy
consumption, improve product quality, and ensure regulatory compliance.

4.2 The Role of 3D Printing in Sustainable Product Design and Development

3D printing offers unique opportunities for sustainable product design and development, including
customization, material efficiency, reduced carbon footprint, circular economy, and innovation. By leveraging
the capabilities of 3D printing, companies can promote sustainable development and reduce the environmental
impact of their manufacturing processes.

4.3 The Future of Sustainable Additive Manufacturing

The future of sustainable additive manufacturing looks promising, with advances in technology and materials
science offering new opportunities for sustainability in product design and manufacturing. Some of the key
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trends shaping the future of sustainable additive manufacturing include biodegradable and sustainable materials,
Industry 4.0, decentralized manufacturing, and sustainable design.

4.4 Challenges and Limitations of Sustainable Additive Manufacturing

Despite the many benefits of sustainable additive manufacturing, there are also some challenges and limitations
that must be addressed. These include the need for further advancements in materials science and process
engineering, the potential for increased energy consumption in the post-processing stage, the limited scalability
of 3D printing for mass production, and the need for increased regulatory oversight to ensure the safety and
sustainability of additive manufacturing processes. However, with continued research and development, these
challenges can be overcome, and sustainable additive manufacturing can continue to promote sustainable
development and innovation in product design and manufacturing. [15]

“One practical example of a company implementing sustainable additive manufacturing using CAD CAM and
Solid Works software is the sportswear brand Adidas. They have developed a 3D printing technique called
Future craft 4D, which uses a custom-made 3D printer to produce midsoles for their running shoes. The
midsoles are made using a combination of recycled polyester and a specially formulated liquid resin. The 3D
printing process allows for precise and efficient use of materials, reducing waste and minimizing the
environmental impact of the manufacturing process.

Adidas has also implemented circular economy principles in their production process by collecting used shoes
and recycling them to create new products. They have also started using ocean plastic waste to make their
shoes, reducing the amount of plastic pollution in the oceans.

By utilizing CAD CAM and Solid Works software, Adidas has been able to optimize their product design and
manufacturing process to reduce waste and minimize their environmental impact. Their sustainable additive
manufacturing approach demonstrates the potential for technology and innovation to promote sustainability in
the manufacturing industry.”

CONCLUSIONS
Sustainable additive manufacturing plays a vital role in advancing sustainable development and mitigating the
environmental burdens associated with conventional manufacturing processes. Key indicators such as energy
consumption, material waste, environmental footprint, and social impact provide a framework for assessing and
monitoring the sustainability of additive manufacturing systems.

To enhance sustainability in this field, it is imperative to implement responsible practices, including the use of
renewable energy sources, reduction of material waste, emission minimization, utilization of eco-friendly
materials, noise mitigation, and adherence to circular economy principles. Furthermore, ensuring safe and
equitable working conditions, encouraging localized production, and fostering collaboration and knowledge
sharing are essential components of a sustainable AM ecosystem.

By integrating these strategies, the additive manufacturing sector can significantly lower its environmental
impact, support sustainable economic growth, and contribute to the well-being of the workforce. Ultimately, the
transition toward sustainable additive manufacturing is a critical step toward achieving a greener, fairer, and
more resilient industrial future.
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